Abstract. Death associated protein kinase 1 (DAPK1) is a notable serine/threonine kinase involved in the regulation of multiple cellular pathways, including apoptosis and autophagy. Although DAPK1 is usually considered to be a tumor suppressor, it was previously reported to promote the viability of p53 mutant cancer cell lines and possess physiological oncogenic functions in breast cancer. However, the ability of endogenous DAPK1 to suppress breast cancer cell mobility has not been assessed. In the present study, the prognostic function of DAPK1 in a Chinese patient cohort was evaluated, and no significant association was observed between DAPK1 expression and patient survival or lymph node metastasis. In order to investigate the physiological function of endogenous DAPK1, stable inducible DAPK1 knockdown MCF7 and MDA-MB-231 cell lines were established. Consistent with previous studies, endogenous DAPK1 only regulated cell viability in p53 mutant MDA-MB-231 cells. However, knockdown of DAPK1 did not significantly affect cell motility of either MCF7 or MDA-MB-231 cells. Altogether, these results further explored the function of endogenous DAPK1 in breast cancer and may shed light in understanding the molecular signaling pathways regulating the physiological function of DAPK1.
Introduction
Death associated protein kinase 1 (DAPK1) is a notable multifunctional protein kinase involved in the regulation of apoptosis, autophagy, membrane blebbing and inflammation (1) (2) (3) (4) . Conventionally, DAPK1 is considered to be a tumor suppressor, and its expression is often downregulated in various types of cancer, including leukemia, lung cancer and ovarian cancer due to DNA methylation (5) . In 2015, Zhao et al (6) reported that endogenous DAPK1 functioned as a survival factor in p53-mutant cancer types, particularly triple negative breast cancers (TNBC). This oncogenic function of DAPK1 was mediated by its stimulatory effect towards mammalian target of rapamycin complex 1 (mTORC1) and subsequent proliferation induction (6) , which was consistent with a previous study demonstrating that DAPK1 may activate mTORC1 via tuberous sclerosis 2 (TSC2) phosphorylation (7) . However, the effect of DAPK1 on colony formation, migration or invasion of breast cancer cells were not evaluated (6) . DAPK1 has been demonstrated to inhibit cell mobility by inhibiting the integrin-mediated polarity pathway (8) . Therefore, it is important to examine the functions of DAPK1 aside from proliferation induction in p53 wild-type and mutant breast cancer cells.
In the present study, the prognostic value of DAPK1 was evaluated using a Chinese breast cancer patient cohort. The regulatory function of endogenous DAPK1 for breast cancer cell viability, colony formation and migration was assessed using a stable inducible knockdown system.
Materials and methods
Cell culture. Human breast cancer epithelial cell lines MCF7 [estrogen receptor (ER)-positive] and MDA-MB-231 derived from a metastatic site pleural effusion were purchased from the Institute of Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China). Both of MCF7 and MDA-MB-231 cell lines were verified using short tandem repeat genotyping and tested negative for mycoplasma. The MCF7 cells were maintained in RPMI-1640, whereas MDA-MB-231 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; both from Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), containing Western blot analysis. Cells were homogenized in 100-200 µl radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing protease inhibitors (Roche Diagnostics, Basel, Switzerland) and incubated at 4˚C for 30 min. Protein concentrations were measured using the Micro BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Cell lysate (60 µg per lane) was separated on a 10% SDS-PAGE gel and subsequently transferred to a Hybond C nitrocellulose membrane (Thermo Fisher Scientific, Inc.). The nitrocellulose membrane was blocked with 5% fat-free milk in TBS-T buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% Tween-20) for 1 h at room temperature and subsequently incubated overnight at 4˚C with the primary antibodies anti-human DAPK (1:1,000 dilution; cat. no. 3008; Cell Signaling Technology, Inc.) and anti-human GAPDH (1:5,000 dilution; cat. no. 2118; Cell Signaling Technology, Inc.), then washing (3x 10 min) in TBS-T buffer, followed by incubating for 1 h at room temperature with IRDye 800CW-conjugated goat-anti-Rabbit secondary antibodies (cat. no. C60607-15; LI-COR Biosciences, Lincoln, NE, USA). The membrane was finally washed (3x 10 min) in TBS-T buffer again. The signals were detected and measured using LICOR Odyssey system (LI-COR, Nebraska, USA).
Sulforhodamine B (SRB) assay. Cells were first seeded in 6-cm dishes with or without 400 ng/ml doxycycline (Dox) (cat. no. 324385; EMB Millipore, Billerica, MA, USA) and cultured for 5 days. Then, for the SRB assay, MCF7 and MDA-MB-231 cells were seeded at a density of 7x10 3 and 1x10 4 cells/well into 96-well plates, respectively. Next, cells continued to grow with or without Dox for another 96 h. Subsequent to culturing, total cell amounts were detected using an Sulforhodamine B (cat. no. S1402; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) assay as previously described (10) .
Colony formation. Cells were first seeded in 6 cm dishes with or without Dox and allowed to grow for 5 days. Then for the colony formation assay, MCF7 and MDA-MB-231 cells were seeded at a density of 500 cells/well into six-well plates. Next, cells continued to grow with or without Dox for 7 days. Following culturing, the number of clones formed was detected using a colony formation assay as previously described (10) .
Cell migration assays. Cells were first seeded in 6 cm dishes with or without Dox for 5 days. Cells were then seeded in six-well plates with or without Dox and allowed to grow to confluence. The cell migration was then measured using a scratch wound healing assay as previously described (9) . Briefly, the monolayer cells were scratched with a 10 µl sterile pipette tip to create a ~10 µm wound, washed twice with serum-free media to remove floating cells, and left to grow in serum-free media. The cells migrating from the leading edge were photographed at 0 and 24 h. Multiple views of each well were documented with an inverted light microscope (CKX-41; Olympus Corporation, Tokyo, Japan) at magnification, x200 and three independent experiments were performed. The percentage of reduced cover area was calculated as (g0-gt)/g0 x100%. The g0 and gt were the wound width at 0 and 24 h, respectively. For the cell migration assay, Transwell chambers (polycarbonate filters of 8 µm porosity; BD Biosciences, Franklin Lakes, NJ, USA) were used. The bottom chamber was filled with a culture medium (RPMI-1640 for MCF 7 cells and DMEM for MDA-MB-231 cells) containing 10% FBS and the upper chamber was filled with serum-free medium. A total of 2x10 5 stable cells were suspended in serum-free medium and plated in the upper chamber. Following incubation for 24 h, the cells were removed from the upper chamber using a cotton swab. Cells that had penetrated and attached to the bottom of the filter were fixed for 10 min at room temperature with 4% formaldehyde in PBS, followed by 20 min staining with 0.5% crystal violet at room temperature and then subjected to imaging under a x20 objective lens and photographed. Statistical results of cell numbers per each image field were obtained from three independent experiments averaging from five image fields.
Statistical analysis. Analyses of the association between the protein expression of DAPK1 and clinicopathological variables were performed using Fisher's exact test. Progression-free survival was defined as the interval from the first day of surgery until tumor progression, mortality or the end of follow-up. Time-to-progress comparisons were performed using a Log-rank test. Univariate Cox-regression and multivariate analysis were additionally performed for available clinicopathological parameters. Physiological functional data of DAPK1 in breast cancer were analyzed using GraphPad Prism version 7.0 software (Graphpad Software, Inc., La Jolla, CA, USA). All data are presented as the mean ± standard deviation of three independent experiments. The significance of difference in colony formation and cell migration of MCF7 and MDA-MB-231 cells with or without Dox induction were examined using a two-tailed Student's t-test. Multiple comparisons were performed using one-way analysis of variance followed by Dunnett's post-hoc test. For all analyses, P<0.05 was considered to indicate a statistically significant difference.
Results

A s s o c i a t i o n b e t w e e n DA PK 1 e x p re s s i o n a n d clinicopathological characteristics of patients with breast
cancer. First, the prognostic function of DAPK1 in breast cancer was evaluated using the IHC staining of 66 samples from patients with breast cancer (Fig. 1A) . The general profile of this patient cohort was listed on Table I . Of all the clinicopathological parameters available, DAPK1 expression was only significantly associated with histological grade (P= 0.036; Table II) . Additionally, when patients were grouped as ER-positive and ER-negative, DAPK1 expression was only significantly associated with histological grade in ER-negative patients (P= 0.042; Table III ). Furthermore, DAPK1 expression was not significantly associated with the 5-year progression-free survival of patients with breast cancer (Fig. 1B) . These data demonstrated that despite the previous study that observed that DAPK1 may function as a survival factor in breast cancer to promote cell growth (6), DAPK1 did not significantly affect the overall survival rate in the present cohort. Unfortunately, the p53 mutation was not routinely examined at Fujian Medical Hospital. Therefore, it was difficult to distinguish if p53 status affected the prognostic value of DAPK1 in the present cohort. Fig. 2A) .
Effect of DAPK1 knockdown in MCF7 and MDA-MB-231 cells.
In order to evaluate the physiological function of DAPK1 in these breast cancer cell lines, a Dox inducible shRNA plasmid was used to create stable inducible DAPK1 knockdown cell lines (Fig. 2B ). When exposed to Dox, stable MCF7 and MDA-MB-231 cells revealed substantial DAPK1 downregulation, indicating successful establishment of the The ratio of DAPK to GAPDH at day 0 was considered to be 1. The proportions of the DAPK/GAPDH ratios of subsequent days were examined and presented. These experiments were repeated three times. DAPK, death associated protein kinase; Dox, doxycycline. Table III . Association between DAPK and other clinicopathological characteristics in ER positive and negative patient samples. stable cells (Fig. 2C and D) . Next, SRB and colony formation assays were performed to investigate the function of endogenous DAPK1 on cell viability, and colonization ability. The knockdown of DAPK1 only significantly reduced the viability and colony forming ability of MDA-MB-231 cells treated with Dox (P<0.01), but not MCF7 cells (Fig. 3) , consistent with the previous report that DAPK1 only affects breast cancer viability in p53 mutant cells (6) . Then, the effect of DAPK1 on cell migration was investigated. Following the knockdown of DAPK1, no significant difference was observed in MCF7 or MDA-MB-231 cells (Fig. 4) , suggesting endogenous DAPK1 does not regulate cell motility in these cells.
Discussion
In the present study, expression of DAPK1 protein was identified in 53/66 samples from patients with breast cancer. The observation that the two breast cancer cell lines exhibited enhanced DAPK1 protein expression in comparison with the normal breast epithelial cell line MCF10A, as demonstrated by western blotting, was concordant with the IHC results. DAPK1 DNA methylation and the loss of its mRNA expression had been previously reported in breast cancer (11) . The results of the present study indicated that post-transcriptional regulatory pathways notably affect the protein expression of DAPK1. Although the DNA methylation of DAPK1 was widely reported in multiple types of cancer, only a few of them examined mRNA expression or the protein expression of DAPK1 (5, (11) (12) (13) . Therefore, extra caution is required when interpreting the prognostic value of DAPK1 DNA methylation, as it may not be associated with DAPK1 protein expression and may actually reflect the activity of other proteins involved in DNA methylation.
It took ~5 days to effectively knockdown DAPK1 protein expression in MCF7 and MDA-MB-231 cell lines. Whereas in previous studies, exogenous DAPK1 protein had a relatively short half-life and its expression dropped to 10-20% once DAPK translation was stopped using cycloheximide within 48 h (14) . Furthermore, the knockdown of DAPK1 in colon cancer cell lines using small interfering RNA significantly decreased DAPK1 expression levels 48 h post transfection (15) . These data indicated that the stability of exogenous and endogenous DAPK1 proteins in different tissues is different, which may be caused by the diverse range of binding partners, and cellular environment. At present, DAPK1 is known to be degraded via proteasomal and lysosomal signaling pathways (14, 16) . The ubiquitin E3s for DAPK1 include mind bomb 1 (16), C-terminus of Hsc70-interacting protein (17) and kelch like family member 20-cullin3-ring-box 1 complex (18). TSC2 and a splice variant of DAPK mediate the lysosomal degradation of DAPK1 (3, 14) . Furthermore, a lysosomal protease, cathepsin B, is able to cleave DAPK1 in response to tumor necrosis factor receptor 1 overexpression (19) . The tissue specific DAPK1 stability control may be due to the differential expression of these proteins. The inducible knockdown of DAPK1 resulted in the reduced viability of MDA-MB-231, but not MCF7 cells, supporting the model that DAPK1 positively regulates the viability in p53 mutant breast cancer cells (6) . In addition to p53, a number of components in the ER signaling pathway, including extracellular signal-regulated kinase were reported to interact and regulate DAPK1 activity (20, 21) .
It is unclear whether the status of these upstream signaling molecules of DAPK1 is different in MCF7 and MDA-MB-231 cells, and contributes to the differential viability responses. Of note, DAPK1 did not function as a prognostic factor for patient survival in the present dataset regardless of the ER status. One potential explanation may be that the patient cohort of the present study was limited in size. There were only patients with TNBC in our dataset and the p53 mutation status was not clear. Furthermore, the scoring system used in the present study is different from that used in a previous publication (6) as patients were classified into negative and positive, which were considered to be least likely to create any confusion. Further studies are required in order to elucidate the clinical function of DAPK1 in breast cancer.
However, the inducible knockdown of DAPK1 did not affect migration in either of the breast cancer cell lines. However, the ability of DAPK1 to suppress the migration of breast cancer cell lines, including MDA-MB-231 has been previously demonstrated (8) . This discrepancy may be due to the difference technique used to regulate DAPK1 expression. Previous studies have typically reported a clear migration or invasion suppressive effect of overexpressed DAPK1 (15, 22) . Although DAPK1 is capable of suppressing cell motility, this function may not be triggered during the physiological stage and requires extra signal stimulation (22) . Furthermore, previously, Ivanovska et al (15) reported that DAPK1 did not affect proliferation in colon cancer, but was strongly associated with the migration and invasion of colon cancer cells, suggesting that the physiological function of DAPK1 may be tissue specific.
In conclusion, the present study investigated the ability of DAPK1 to regulate cell viability, colony formation and migration in breast cancer cell lines. Endogenous DAPK1 was only able to regulate the viability and colony formation of MDA-MB-231 cells. Further studies are required to investigate the physiological functions of DAPK1 and the key factors determining the tissue specific functions of DAPK1. collection and assembly. YH, ML, XC, YZ and YL performed data analysis and interpretation. All authors approved the final version of this manuscript.
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